In recent years there has been considerable interest in the effect of variations in activities of xenobiotic-metabolizing enzymes on cancer incidence. This interest has accelerated with the characterization of human enzymes, both those involved in activation and detoxication, and the development of methods for analyzing genetic polymorphisms. However, progress in epidemiology has been slow and the contributions of polymorphisms to risks from individual chemicals and mixtures are often controversial. A series of studies is presented to show the complexities encountered with a single chemical, aflatoxin B1 (AFB,). AFB1 is oxidized by human cytochrome P450 enzymes to several products. Only one of these, the 8,9-exo-epoxide, appears to be mutagenic and the others are detoxication products. P450 3A4, which can both activate and detoxicate AFB1, is found in the liver and the small intestine. In the small intestine, the first contact after oral exposure, epoxidation would not lead to liver cancer. The (nonenzymatic) half-life of the epoxide has been determined to be approximately 1 sec at 23°C and neutral pH. Although the half-life is short, AFB1-8,9-exo-epoxide does react with DNA and glutathione S-transferase. Levels of these conjugates have been measured and combined with the rate of hydrolysis in a kinetic model to predict constants for binding of the epoxide with DNA and glutathione S-transferase. A role for epoxide hydrolase in alteration of AFB1 hepatocarcinogenesis has been proposed, although experimental evidence is lacking. Some inhibition of microsome-generated genotoxicity was observed with rat epoxide hydrolase; further information on the extent of contribution of this enzyme to AFB, metabolism is not yet available. Environ Health Perspect 1 04(Suppl 3): 557-562 (1996) 
Introduction
The role of enzymatic transformation in variation of levels of individual enzymes the activation and detoxication of chemi-that can occur (2) . With experimental cal carcinogens has been recognized for animal systems, there is considerable evihalf a century (1) . Studies on these dence that alterations in levels of some of enzymes have shown their multiplicity in these enzymes can have dramatic effects in many cases, as well as the large extent of influencing the incidence of cancer from (12) (13) (14) (15) . Part of the difficulty in this situation may be a result of the myriad of potential carcinogens found in tobacco smoke and the lack of P450 2D6 to dominate in the activation of any of these (16) (17) (18) .
Aflatoxin B1 (AFBI) is generally considered to play a major role in human liver cancer in some parts of the world (19, 20) , and much is now known about its mechanism of genotoxicity, which appears to be the result of the formation of a single initial DNA adduct (at the guanyl N7 atom) (21, 22 (26) and 3A4 (27) were produced in Escherichia coli and purified as described. Rabbit liver NADPH-P450 reductase (28) and cytochrome b5 (29) were isolated as described. Recombinant (rat) glutathione S-transferase (GST) 3-3 was a gift from R. N. Armstrong. Rat and human liver epoxide hydrolases (EHs) were purified using modifications of procedures published elsewhere (30) . Assays GS-AFB1 (products of exo and endo epoxides) and AFB,-8,9-dihydrodiol were separated by high-performance liquid chromatography (HPLC) and quantified (A360) as described elsewhere (25, 31) . Genotoxicity assays involved measurement of the umu (SOS) response in Salmonella typhimurium TA1535 harboring the plasmid pSK1001 using general procedures described elsewhere (32 (9, 31, (34) (35) (36) (37) (Table 2) . P450 1A2 and some other human P450s can also contribute, but they play a lesser role, even at relatively low AFB, concentrations (31, 35, 36, 38, 39) . P450 3A4 forms only the genotoxic AFBI-8,9-exo-epoxide; P450 1A2 forms both the exo and the nongenotoxic endo isomers (Figure 1 )(31).
P450s can also detoxicate AFBI ( Figure   1 ). P450 3A4 forms AFQi, the 3a-hydroxylation product, which does not appear to be a good substrate for epoxidation (37) . P450 1A2 forms AFMI (by 9a hydroxylation), which also seems to be a detoxication product (31, 37) . In animal studies, the induction of P450 1A2 and production of AFMI have been reported to account for the lower levels of AFB1-induced hepatocellular cancer after administration of polycyclic hydrocarbons (40, 41) . Which of the human P450s form aflatoxin PI is not known. (42, 43) . a-Naphthoflavone inhibits all activities of P450 1A2 (31); it also inhibits AFB, 3a-hydroxylation (to form AFQ1) by P450 3A4 but stimulates 8,9-epoxidation (31, 37) . The influence on the kinetic profiles is postulated to reflect an allosteric mechanism (44) . fractions, the order of (enzymatic) GST activity is mouse > rat > human (25) . The relative extent of GSH-AFB1 conjugate formation by some human GSTs is shown in Table 3 .
AFB1-8,9-epoxide Hydrolysis
Previous work has shown that the exo epoxide, the major isomer formed (24, 31) , is also less stable in CH3OH/H20 mixtures (46) . Other work has suggested that the half-life (t1/2) of the exo epoxide was < 10 sec (47) .
Preliminary studies have indicated that the UV spectrum of AFB1-8,9-dihydrodiol is distinct from that of the epoxide ( Figure  3A) . The fluorescence spectra are even more distinct, with the dihydrodiol having more than two orders of magnitude more fluorescence than the epoxide. Kinetics of hydrolysis were measured in a stopped-flow apparatus in a pH 7.0 buffer, with 9% (CH3)2CO present (final concentration).
The t1/2 was approximately 1 sec when either UV or fluorescence traces were measured ( Figure 3B ).
Further studies indicated that the observed hydrolysis rate constant was rather constant between pH 4 and pH 9 but was increased at <pH 4, with a slope of the loglo observed versus pH having a slope of unity.
Interaction of AFB1-8,9-exo-epoxide with Glutathione &Transferase 3-3 and DNA In earlier studies the relative rates of reaction of GSTs with AFB1-8,9-epoxides had been estimated by quantitation of GSH-AFB1 with fixed concentrations of GSTs and time points (Table 3 ) (25) . To examine the aspects of these interactions, we measured the extent of GS-AFB1 formation after mixing varying concentrations of AFB1-8,9-exo-epoxide and GST 3-3 in the presence of GSH (Figure 4) .
To estimate constants for the reactions, we set up the equations Table 4 , along with the measured k,. system containing P450 3A4 (plus all exo-epoxide, in dry acetone, was mixed with varying accessory components needed for oxidaamounts of GST 3-3 and 10 mM GSH in 50 p1 of 50 mM tion) and a suboptimal amount of GST.
potassium phosphate buffer (pH 7.4) at 23°C. The final However, in other experiments we have concentration of AFB1-8,9-exo-epoxide was 4 (.), been able to increase the observed rate of 12 (*), or 24 (U) mM. After 15 sec, 20 ml of 2.0 M AFBI-8,9-exo-epoxide hydrolysis (from aqueous CH3CO2H was added and the protein was pre-0.64 to 0.78/sec) in the presence of 19 pM cipitated by centrifugation at 3xl03xgfor 10 min. rat EH. This result needs to be further Aliquots of the supernatant were analyzed for AFB-evaluated.
8,9-dihydrodiol and GS-AFB, by HPLC as described
We also used another system in which a elsewhere (25, 31) . very low concentration of P450 3A4 (and accessory components) was used to activate to consider the stereochemistry of the epoxide, which has been shown to be critical in genotoxicity. We anticipate that more careful analysis of the kinetics of the reactions under consideration here will provide insight into competition of detoxication enzymes with DNA ( Figure 2) . However, even with this information there are considerable problems in the knowledge base underlying efforts in molecular epidemiology ( Figure  6 ). The P450s both activate and detoxicate AFB1, and the effect of inducing individual P450s is not easy to predict. Moreover, P450 3A4 is expressed in small intestine, the site of absorption of orally ingested AFB1. The extent of detoxication there is unknown. Further, even activation of AFB1 and DNA alkylation in the small intestine may be considered to be a detoxication process since the cells are sloughed rapidly and cancers of the small intestine are very rare. Other aspects regarding enzymes of activation and detoxication mentioned in Figure 6 have been discussed above. Other aspects not discussed here, but which may be involved, include whether the N7-guanyl adduct or its ringopened form is more mutagenic, the role of DNA repair, aflatoxin intake, the intraindividual variability of levels of the enzymes under consideration during the course of tumor initiation and development, and hepatitis B virus status.
